Turkish Journal of Electrical Engineering and Computer Sciences
Volume 29

Number 2

Article 47

1-1-2021

A deep neural network classifier for P300 BCI speller based on
Cohen's classtime-frequency distribution
HAMED GHAZIKHANI
MODJTABA ROUHANI

Follow this and additional works at: https://journals.tubitak.gov.tr/elektrik
Part of the Computer Engineering Commons, Computer Sciences Commons, and the Electrical and
Computer Engineering Commons

Recommended Citation
GHAZIKHANI, HAMED and ROUHANI, MODJTABA (2021) "A deep neural network classifier for P300 BCI
speller based on Cohen's classtime-frequency distribution," Turkish Journal of Electrical Engineering and
Computer Sciences: Vol. 29: No. 2, Article 47. https://doi.org/10.3906/elk-2005-201
Available at: https://journals.tubitak.gov.tr/elektrik/vol29/iss2/47

This Article is brought to you for free and open access by TÜBİTAK Academic Journals. It has been accepted for
inclusion in Turkish Journal of Electrical Engineering and Computer Sciences by an authorized editor of TÜBİTAK
Academic Journals. For more information, please contact academic.publications@tubitak.gov.tr.

Turkish Journal of Electrical Engineering & Computer Sciences
http://journals.tubitak.gov.tr/elektrik/

Research Article

Turk J Elec Eng & Comp Sci
(2021) 29: 1226 – 1240
© TÜBİTAK
doi:10.3906/elk-2005-201

A deep neural network classifier for P300 BCI speller based on Cohen’s class
time-frequency distribution

1

Hamed GHAZIKHANI1 , Modjtaba ROUHANI2,∗
Department of Computer Science and Software Engineering, Concordia University, Montreal, Canada
2
Department of Computer Engineering, Ferdowsi University of Mashhad (FUM), Mashhad, Iran

Received: 29.05.2020

•

Accepted/Published Online: 18.11.2020

•

Final Version: 30.03.2021

Abstract: This paper presents a new method of predicting the P300 component of an electroencephalography (EEG)
signal to recognize the characters in a P300 brain-computer interface (BCI) speller accurately. This method consists
of a deep learning model and the nonlinear time-frequency features. It is believed that the combination of the deep
model network and extracting the nonlinear features of the EEG led this research to a better prediction of the P300
and, therefore, character recognition. Cohen’s class distribution is used in order to extract the nonlinear features of the
EEG. Evaluating all of the kernels, Butterworth found to be more informative and it produced better results. Based
on the differences observed between time-frequency responses of target and nontarget signals, specific subbands are
selected to extract seven features. A deep-structured neural network, namely stacked sparse autoencoders, is applied
for BCI character recognition. This deep network reduces the dimension of feature space by extracting unsupervised
features. Then, the features are fed to a Softmax classifier. Afterward, the whole network passes a fine-tuning phase by a
supervised backpropagation algorithm. For evaluating the work, Dataset II of BCI Competition III is utilized. Based on
the results, this approach would improve the accuracy in both P300 detection and character recognition. This research
results in 82.7% and 93.5% accuracy for P300 classification and character recognition, respectively.
Key words: Cohen’s class distribution, P300, brain-computer interface (bci), stacked autoencoders, event-related
potential (ERP)

1. Introduction
Brain-computer interface (BCI) is a method to connect the brain to a device [1–7]. This connection could be
done through a series of components and signals [8]. The neural activity that is used in the BCI systems could
be attained using either noninvasive or invasive techniques [6]. Noninvasive methods are easier for subjects,
because there is no surgeries [8]. A common way to record the brain signals and use it for the BCI is EEG
(electroencephalography), which is shown in Figure 1. In this figure, there are highlighted channels which are
being used in this paper for detecting the P300 component. It is more advantageous to use this method of
recording signal for a BCI system [2, 9].
There are some brain signals which appear in specific times, namely event-related potentials (ERPs). We
can get these signals via an external stimulator. ERPs have several components consist of a series of positive
and negative ones that have a specific meaning and are identified by their occurrence time and the polarity
[10, 11]. One of the most important components of an ERP is P300. Its name comes from a positive signal
∗ Correspondence:
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Figure 1. 64 EEG channels based on the 10–20 system. We have used the highlighted channels in our research in order
to extract the P300 component. [15].

peak and the delayed duration that appears in a brain signal of around 300 ms. As it is shown in Figure 2,
P300 has a positive peak that can be distinguished from nonP300(nontarget) component. There are numerous
research on the BCI systems based on P300 component [12–14].
It could be defined that P300 detection is a machine learning problem. There are essential steps to
extract the P300, which are: preprocessing, extract/select features, and classification algorithm. Most of the
methods have focused on those parts of the signal, which are significant for the preprocessing step. A standard
method of preprocessing is bandpass filtering. Also, in order to reduce the noise of the signal and improve the
signal-to-noise ratio, a general way is to take the average from the signal [16].
Many different features such as time, frequency, wavelet, and nonlinear features are proposed in various
publications [17–19]. Producing substantial numbers of features normally leads to an overfitting problem and
requires the reduction of the dimensions of the feature space. This can be done by either feature extraction or
feature selection methods. Various feature extraction methods are presented in time and frequency space, such
as PCA and genetic algorithms [4]. Some of the publications have used the nonlinear Cohen’s class distribution
features of EEG in the detection of deception [20] and extracting the visual evoked potential P300 [21]. However,
based on our knowledge, there is a lack of research on using this method for the P300 BCI speller.
Cecotti et al. proposed a CNN (convolutional neural network) to classify the P300 [2]. They presented
two convolutional layer network to learn both spatial and temporal filters. Besides, they utilized a combination
of CNNs in order to check its performance. However, the use of 64 channels and training all those features
through CNN must be time-consuming. Liu et al. [22] proposes a new CNN method based on the batch
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Figure 2. Averaged target and nontarget responses of P300 waveform. P300 has a positive peak which will appear 300
ms after a stimuli.

normalization. A deep belief network is presented by Sobhani to predict the P300 [23]. Also, a method based
on the stacked autoencoders is presented by Vareka et al. [24]. Another publication [25] used the stacked
autoencoders for the P300 BCI speller using bandpass filtering features.
In this paper, three essential tasks are presented to obtain useful features of the EEG signal. a) Nonlinear
chaotic features of EEG signals based on Cohen’s class distribution, are extracted. In brief, Cohen’s class
distribution, which will be described in Section 2.2, is a transformation of a time-based (1-D) EEG signal to
a time-frequency space (2-D). Based on observing the differences between target and nontarget distributions,
specific subbands of the 2D image of the time-frequency domain, which have the most useful information to
extract the P300 component, are selected. b) Seven features (namely: mean, max, standard deviation, median,
mode, entropy, and power) are extracted from those subbands for each EEG channel. c) Finally, due to having
a lot of EEG channels and features, it is needed to extract features by sparse autoencoders. To classify the
P300 component, a deep neural network which is called stacked autoencoders is used. Figure 3 illustrates three
tasks by providing informative features for the P300 classification. Character recognition as the main task of
this project is used via the typical Algorithm, which is explained in Section 2.4.
The novelties of this paper are:
• Employing the nonlinear chaotic Cohen’s distribution to extract both of the time/frequency characteristics
of the EEG signal in the P300 BCI speller.
• Selecting the specific subbands of Cohen’s time-frequency space based on observing the differences between
the target(contains P300) and nontarget(does not contain P300) classes.
• Using stacked autoencoders to extract suitable features among all sets of features that are available.
1228
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Figure 3. Illustration of P300 classification framework based on the three important feature preparation steps. This
figure shows our proposed method and the way that we extract and combine features.

The structure of the paper is: Section 2 presents the proposed method. Section 3 is related to the results
and discussion. Section 4 concludes this research paper.
2. Proposed method
In this section, the proposed methodology of this paper is explained.
2.1. Data preprocessing
As mentioned, P300 appears around 300 ms after a stimulus, but it is better to consider the duration of 0 ms
to 1000 ms of the signal. Using this knowledge, 31 channels, shown in Figure 1, are selected for the duration
of 0 ms and 600 ms. This amount of signal is suﬀicient in order to classify the P300 [26, 27]. For filtering the
EEG signal, 4th order of bandpass filtering, Chebyshev Type I is employed.
The number of nontarget samples in the speller data set is much more than the targets (5:1); therefore,
the data are highly imbalanced. Some imitations of the target stimulus are added to the dataset to fix this
issue.
Prior to the training step, the features are normalized using the zero mean method as follows:
x′ =

x − x̄
σ

(1)

Where x is the original features, and x̄ is the mean of x . σ defines the standard deviation of x . Then, x′ can
be used to train the network. The same normalization method is used for both training and testing samples.
2.2. Cohen’s class distribution
Standard Fourier transform has the power to decompose the signal into frequency components. However, this
energy spectrum does not help the researchers to analyze the exact time of the occurrence of those signals.
Hence, it is needed to have time in conjunction with the spectrum.
As it is stated, the spectrum is always a powerful way to analyze the nonstationary signals. Timefrequency representation (TFR) is widely used for nonstationary signals to capture exact signal properties in
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frequency/time domains. The distribution of the Cohen’s class are general frameworks for nonlinear timefrequency distributions. They can generate many different time-frequency distributions by selecting among
different kernel functions [28, 29]. In fact, this joint function at first was proposed by Wigner, Ville, Page,
and Choi–Williams. Cohen provided a unified formulation in which an infinite number of distributions can be
established [30, 31]. This joint function is calculated as follows:
1
P (t, ω) =
4π 2

∫

+∞

−∞

∫

+∞

−∞

∫

+∞

−∞

(
1 ) (
1 )
e−jθt−jτ ω+jθu ϕ(θ, τ ) · s∗ u − τ s u + τ du dτ dθ
2
2

(2)

Where ϕ(θ, τ ) is an arbitrary function called the kernel function and s(·) is the signal. P (t, ω) is a function
that transform the time based signal into time-frequency domain. With a time-frequency representation the
frequency contents of a signal at different times can be understood [32]. So, the ϕ(θ, τ ) function tells that how
the energy of signal is distributed in the time and frequency domain. Different kernel functions in order to
produce various distributions of the signal can be used [30, 31]. Table 1 shows some important kernel functions
of Cohen’s class distribution.
Table 1. The kernel functions for some Cohen distributions

Distribution
Butterworth

Kernel function

Choi–Williams
Born–Jordan
Wigner–Ville (WV)
Rihaczek
Margenau–Hill
Page

)
exp [ −(πθτ
2σ 2 ]

1
1+( θθ )2N ( ττ )2M
1

1
2

sin (πθτ )
πθτ

1
exp [jπθτ ]
cos (πθτ )
exp [−jπθ|τ |]

According to Cohen’s notes [31], for specific problems, it is needed to examine different distribution to
choose the best one. Accordingly, a very well-matched distribution that fits the EEG data is chosen. This
distribution is called Butterworth, which will be described in the next part.
2.2.1. Butterworth distribution
The Butterworth distribution (BUD) is a kernel of Cohen’s class that is given in Eq. 2. The BUD kernel is as
follows:
ϕBU D (θ, τ ) =

1
1 + ( θθ1 )2N ( ττ1 )2M

(3)

Where N and M are positive order parameters and θ1 and τ1 are positive spectral, temporal scaling constants.
Note that ϕBU D (θ1 , τ1 ) =

1
2

for any value of θ1 , τ1 , N, or M .

2.2.2. Feature extraction
A key role in every machine learning task is to provide the most informative and independent features for the
classifier. In this paper, The combination of linear and nonlinear features of EEG signals based on Cohen’s class
distribution for the P300 detection problem is employed. Based on Cohen’s class distribution method, we can
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simultaneously see the changes in frequency over time. There is much information in Cohen’s class distribution,
and it is not practical to have an appropriate process on the data. Therefore, by representing the Cohen’s timefrequency distribution of the EEG signal, specific parts of the signal which contain useful information can be
observed. These specific parts are sub-bands that are selected for further feature extraction process. Averaged
target and nontarget data from each channel of EEG were examined in order to find the differences. Therefore,
these varieties in time-frequency subbands between the P300 and non-P300 were scrutinized, which have the
most fruitful information. This issue is significant for classification tasks. Seven features (namely: mean, max,
standard deviation, median, mode, entropy, and power) are extracted from those subbands that were selected.
In addition to those seven features, fourteen features [27] obtained from 4th-order bandpass Chebyshev Type
I. So, by adding these features together, 21( 14 + 7 ) features are available for each channel. These features
( 21 × 31 = 651 ) are entered into the deep neural network.
2.3. Classifying the P300 component
Stacked autoencoders are an important and popular topic in the deep neural network field, which has been used
in many various machine learning problems. The idea of this phenomenon was originally initiated to improve
the performance of deep neural networks [33]. Stacked autoencoders are a group of autoencoders (often sparse
autoencoder) that can solve a machine learning problem [34].
Connected autoencoders (as it is called stacked autoencoders) is employed to reduce the dimension of a
feature space and to extract a new representation of the data. The input is fed to the first autoencoder, and
the first autoencoder’s code would be passed to the next autoencoder and so far to the last one. In a stacked
autoencoder, the encoder (first layer) part of each autoencoder is used. This process will continue until the
desired feature size is reached and it is ready to pass to the Softmax classifier. Stacked autoencoders have
two learning phases: a pretraining and a fine-tuning. Each autoencoder is pretrained separately based on the
output of the previous one. In the latter phase, the parameters of the whole network are fine-tuned via the
error backpropagation algorithm. Figure 4 demonstrates a structure of stacked autoencoder.

Figure 4. A scheme of a stacked autoencoders. This Figure demonstrates a binary classification problem.

Accordingly, the features are reduced from 651 to 10, by autoencoders. Then, the final obtained ten
features were fed to a Softmax. The structure of the proposed stacked autoencoders is as follows: 651-440-220100-50-10-2. Next, backpropagation was used in order to fine-tune the whole network. Figure 5 illustrates the
proposed stacked autoencoders.
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Figure 5. The proposed stacked sparse autoencoder deep structure for our research.

2.4. Character recognition
The main purpose of classifying the P300 is to recognize the characters in a speller system. In the BCI
competition III, there are 30 targets out of 180 trials in each character. This process has been repeated 15
times for improvement in the character recognition rate. The feature vectors for each trial are fed to the trained
network to classify the targets. By accumulating each predicted score correspondence to the row or the column,
the desired character would be found. Eq. 4 shows the process of accumulating the predicted scores:

Ci =

15
∑

(4)

S(fr,c )

i=1

Where S(fr,c ) is the output of the proposed stacked autoencoders corresponding to the presence of P300.
Consequently, the focused character would be chosen:
column = argmax1≤i≤6 Ci

(5)

row = argmax7≤i≤12 Ci
Figure 3 demonstrates the whole process of the proposed method, which is an algorithm to predict a
character in a P300 BCI speller. The overall process is also detailed in Figure 6.
3. Experiments
3.1. Dataset
The BCI competition III and its second dataset1 with two different subjects is used. There are training and
test sets for both of the subjects. Each of the training sets contains 85 characters, and there are 100 characters
in every test set. To have more accurate predictions, the process of character recognition is repeated 15 times
for all of the 12 rows and columns. As a result, the number of trials is 180 ( 15 × 12 = 180 ), containing only 30
targets.
3.2. Application of proposed method
Cohen’s class method with Butterworth kernel is applied to transform and extract the important features.
Other methods and kernels to determine which one of the kernels would be suitable for this problem have
been evaluated. The Butterworth kernel, as the best one among others to do the process of feature extraction,
is discovered. Figure ?? represents three averaged target and nontarget for different channels. As it can be
considered, there are differences in specific subbands (highlighted with red rectangles) of Cohen’s distribution
1 Berlin
Brain-Computer Interfac
http://www.bbci.de/competition/iii.
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Figure 6. The overall process of proposed method of character recognition.
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between the target and nontarget. Accordingly, those differences in the same area are considered and calculated
through the implementations. For example, in channel 11, which is the CZ electrode of the 10–20 system, the
subband that is different between the averaged target and nontarget in the time domain (x-axis) is in the range
of 590 ms to 666 ms, and, in the frequency domain, (y-axis) is in the range of 0 Hz to 12 Hz. Figure 3.2 refers
to an averaged target stimulus of channel 11 (CZ) and Figure 3.2 mentions the averaged nontarget stimulus
that does not contain the P300 component. Equally, other figures have the same explanation. Figure 3.2 and
Figure 3.2 demonstrates the time-frequnecy distribution of channel 58 and Figure 3.2, Figure 3.2 posits the time
and the spectrum both for the channel number 60.
These subbands of the signal are considered for feature extraction. The total number of available features
is 21. This number stems from the 14 features from the filtering procedure and seven features extracted by
selected subbands of the Butterworth kernel. These seven features are mean, max, standard deviation, median,
mode, entropy, and power. These parameters are calculated after applying the Butterworth distribution. So, 21
features ( 14 + 7 ) for each channel are achieved, therefore, for 31 channels a 21 × 31 = 651 data are obtained.
After that, the feature vectors are normalized via scaling to zero mean and unit variance, which is shown in Eq. 1.
Next, the problem’s imbalance issue is solved by duplicating the signals that include the target components.
Eventually, the feature vectors are passed through the deep neural network in order to train the classifier.
We define a dataset D consists of all the trials D = {xi , yi }N
i=1 . xi refers to each feature vector and
yi ∈ {−1, +1} refers to correspondence label, which is either +1 (Target) or –1 (Nontarget).
Matlab2 is used to implement the stacked autoencoders. Some of the parameters (number of neurons/layers) of the network were computed empirically. Other parameters, such as L2 weight regularization,
sparsity regularization, and sparsity proportion, are chosen via the cross-validation algorithm, and they are
0.004, 4, and 0.2, respectively.
3.3. Discussions
In this section, the results that have been achieved would be explained. P300 detection is a two classes (binary)
problem that it is (+1) when the signal contains P300 component and (–1) when there is an absence of the
P300 component. For evaluation of the suggested method, accuracy, precision, recall and F1-score is calculated.
These measures are formulated as follows:
Accuracy =

TP + TN
TP + TN + FP + FN

(6)

TP
TP + FP

(7)

P recision =

Recall =

F 1 − score =

TP
TP + FN

2 × (Recall × P recision)
(Recall + P recision)

(8)

(9)

While (T P ) is the number of true positive, (T N ) true negative, (F P ) false positive and (F N ) false
negative. Table 2 demonstrates the results of the P300 detection evaluation for all measurements. According
2 MathWorks
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Figure 7. A depiction of a Butterworth’s distributions for averaged targets and nontargets of three channels. In these
figures, converted signal to time-frequency domain are shown. This is the way that we compare targets and nontargets
areas.
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to the results, for subjects A and B, an accuracy of 81.2% and 84.2% are obtained for the P300 detection,
respectively. Consequently, Table 3 shows the proposed method of performance comparing to other state-ofthe-art publications in this field. The proposed method using Cohen’s class distribution produces much better
results in comparison with other methods in the P300 detection rate.
Table 2. Results of P300 detection evaluation for subject A and B.

Subject
A
B
Mean

TP
7200(40.3%)
7385(41.4%)
7292(40.85%)

TN
7287(40.8%)
7651(42.9%)
7469(41.8%)

FP
1635(9.2%)
1274(7.1%)
1454(8.1%)

FN
1728(9.7%)
1540(8.6%)
1634(9.1%)

Accuracy
81.2%
84.2%
82.7%

Precision
81.4%
85.2%
83.3%

Recall
80.6%
82.7%
81.6%

F1-score
80.9%
83.9%
82.4%

Table 3. Performance comparison of the P300 detection.

Method
MCNN-3 [2]
CNN-1 [2]
Stacked autoencoders [24]
Stacked autoencoders based on wavelet∗ [16]
DBN∗∗ [23]
LDA∗
BLDA∗
SVM∗
MLP∗
Human detection∗
Proposed method
∗

Accuracy(%)
74.2
74.2
69.2
79.3
60-90
75.6
77.1
73.7
76.7
64.4
82.7

Reported and tested by [16].

∗∗

Various reports by the author.

Our final and most crucial step is recognizing the exact characters. The complete process of character
detection is clarified in Section 2.4. Table 4 represents the total accuracy of the proposed method in 15
repetitions of the character recognition process. As it is evident, the development is apparent while the cycles
are repeated, and the more repetitions are performed, the better the results for recognizing the characters
are achieved. Figure 8 reveals the performance of the proposed method for character recognition rate of 15
repetitions. To assess the presented technique, the results are compared to the previous works. Table 5 shows
the performance of the proposed method in comparison with others. References [2, 23–25] have used the deep
learning methods for P300 recognition. In [25] the character recognition accuracies are 55.5% and 91.5% for 5
and 15 epochs, respectively, while for the proposed method, those accuracies are raised to 61% and 93.5%. This
achievement is because of using features extracted employing Cohen’s class distribution in addition to filtering
features. Indeed, Cohen’s class distribution helped the learner to distinguish the target and nontarget more
precisely, so fruitful features are extracted. In brief, Cohen’s class distribution can extract chaotic, nonlinear
features with much more information for nonstationary signals.
Nevertheless, because there are vast amounts of Cohen’s data, it is not suitable to use all of them.
So, by averaging on the target and nontarget signals, sections of 2D time-frequency representation have been
1236
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Table 4. Accuracy of character recognition in percent.

Subject
A
B
Mean

Epochs
1
2
14
29
27
35
20.5 32

3
45
53
49

4
49
60
54.5

5
52
70
61

6
58
74
66

7
68
73
70.5

8
66
83
74.5

9
72
88
80

10
82
89
85.5

11
82
93
87.5

12
84
91
87.5

13
85
91
88

14
89
92
90.5

15
94
93
93.5

Table 5. Performance comparison of the character recognition rate in percent.

Method
MCNN-2[2]
MKL[26]
LSVM[26]
GSVM[26]
Hoffmann[35]
Zongtan[? ]
Yandong[? ]
mLVQ[2]
LDA[2]
Stacked Autoencoders [25]
Proposed method

Repetitions
5
15
55
90.5
13.5 13
47.5 76
3
3
53
89.5
59.5 90.5
55
90.5
59.5 91.5
60.5 93
55.5 91.5
61
93.5

Figure 8. The accuracy of character recognition for both subjects.

recognized, which contains the most differences between the targets and nontargets. After that, the number
of features was reduced to classify the P300 component with the help of Stacked autoencoders. Finally, the
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character recognition phase was performed based on the trained Stacked autoencoders.
4. Conclusion
In this project, a new method to recognize the P300 waveform in an EEG signal is formulated. As it is
described, EEG signals are encircled by a substantial amount of noise. Thus, it requires a robust feature
extraction method and a machine-learning algorithm to resist the outliers and sustain the current condition
of the signal. This means that an algorithm demanded to act against the noisy data and preserve the useful
information among signals. Therefore, Cohen’s class distribution is used for extracting functional features and a
deep neural network to learn the features and do the classification toward the project objectives. Cohen’s class
distribution is a nonlinear time-frequency representation (TFR) that captures the exact signal properties both
in time and frequency domains. One of the findings of this paper is that the average power spectrum of target
and nontarget signals are distinguishable in specific subbands of Cohen’s class distribution. Afterward, a deep
neural model that learns the representation of data in an unsupervised manner is introduced. This neural net is
called stacked sparse autoencoders, which has been used in many research. To evaluate the performance of the
implementation, the BCI competition III dataset II is employed. According to the results, the performance of the
proposed method is comparable with the state-of-the-art methods. In the classification of the P300 component,
an accuracy of 82.7% in the test set, which is 30% of the training samples, is achieved. For character recognition,
the accuracy of 93.5%, which shows the robustness of the neural network, is attained. For future works, the
combination of other feature extraction methods with Cohen’s class distributions, signal processing algorithms,
and other deep learning models that may enhance this system would be considered.
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